. Corrosion behaviour of selective laser melted Ti-TiB biocomposite in simulated body fluid. DOI: https://doi.org/10.1016/j.electacta.2017.02.112 10.1016/j.electacta.2017.02.112 Chen, Y., Zhang, J., Dai, N., Qin, P., Attar, H., & Zhang, L. C. (2017 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. at body temperature, was investigated systematically by using electrochemical measurements (potentiodynamic polarisation curves and electrochemical impedance spectroscopy), together with some detailed structural characterisations. The results demonstrate that SLM-produced Ti-TiB composite samples possess better corrosion resistance than SLM-produced CP-Ti samples in Hank's solution. Due to these tiny TiB and TiB 2 particles acting as the micro-cathode uniformly distributing in titanium matrix, anodic dissolution of titanium matrix in the corrosion process is prominently facilitated in early stages, followed by rapid passivation on the surface. The corrosion mechanism of Ti-TiB composite samples has also been discussed in detail at the end of this paper.
Introduction
Commercially pure titanium (CP-Ti) has been routinely employed in the area of biomedical treatment over the last 40 years or so [1] [2] [3] . This revolutionary application was triggered due to the perceived biocompatibility and appropriate mechanical properties of CP-Ti [4] [5] [6] , which does not cause allergy and produce human pollutants when it is used as artificial scaffold, hip joint and dental implants [7] [8] [9] . In addition, the corrosion resistance of CP-Ti material is far superior to the other metallic materials, such as stainless steels and cobalt-chromium based composite materials [10, 11] , because of the spontaneous formation of a dense and chemically stable titanium film, mainly TiO 2 , on the surface of CP-Ti [12] [13] [14] . Nevertheless, CP-Ti is beset by some inherent issues resulting from unfavorable properties including low hardness, poor wear resistance and inadequate specific stiffness [15, 16] , which limit its long-term applications in the biomedical field, especially when artificial load-bearing implants with high wear resistance and high strength are urgently required. Therefore, it is essential that some effective measures should be taken to overcome the abovementioned drawbacks. For this purpose, some appropriate reinforcements can be embedded into the titanium matrix as needed, such as TiC, SiC, CrB and TiB 2 [17, 18] . Amongst those reinforcements, TiB 2 is the most suitable choice for its high hardness, thermodynamic stability and elastic modulus [19] . Additionally, from a medical point of view, as a biocompatible element, boron is favourable for applications of titanium materials [20, 21] .
The additive manufacturing (AM) technique, also commonly known as 3D
Page 4 of 27 A c c e p t e d M a n u s c r i p t 4 printing, has rapidly developed throughout the past few years. Compared to the conventional powder metallurgy techniques, the AM technique has the capability of less processing procedures, shorter production cycles and lower material costs [22, 23] . Components and parts with extremely complex geometries that are difficult or impossible to be manufactured by traditional method can be easily realized with this new high-tech innovation [24, 25] . As one of the promising AM techniques, selective laser melting (SLM) has been reported to have capability of producing many high-density and high-precision metal parts [26] [27] [28] . In general, the SLM technique has some overwhelming advantages, namely producing near-full density metallic components, having a high material utilisation rate, and requiring no machining tools [29, 30] . According to the latest reports, the applications of SLM technique are now involved in simulating clinical teaching, assisting physician training, and maintaining medical devices [24, 31] . Consequently, the SLM technique stands for the new trend of the biomedical material applications in the future.
As for the titanium matrix composite material processed by SLM, their applications have gradually walked into all the aspects of industrial production.
Extensive literature has reported these applications, such as transmission gear, circuit element and airplane tail [29, 32] . More importantly, SLM-produced Ti-TiB composite material, due to these striking features, could be considered as one of the most suitable candidates for high-strength and anti-wear biomedical applications [33] .
Additionally, the porous structure of SLM-produced Ti-TiB composite material is conducive to bone cell growth, and can also reduce the risk of the replacement
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A c c e p t e d M a n u s c r i p t 5 components being rejected in patients [18, 34] . Even so, it is still unclear whether the service life of Ti-TiB composite material acting as biomedical materials can be drastically extended in comparison to that of the original CP-Ti in very aggressive environments, such as human body fluid or other solution media. With the increasing concerns of this urgent problem, it is worth exploring the corrosion behavior of Ti-TiB composite material in artificial simulated body fluid system.
In this work, the main objective is to systematically investigate the corrosion behaviour of SLM-produced CP-Ti and Ti-TiB composite material. Electrochemical measurements were performed for two types of samples in naturally aerated Hank's solution at body temperature, including potentiodynamic polarisation curves and electrochemical impedance spectroscopy (EIS). Moreover, some characterisation methods were carried out to strengthen the understanding of the corrosion mechanism of two types of samples.
Experimental

Sample and solution preparation
Cylindrical samples of CP-Ti and Ti-TiB (4 mm in diameter and 10 mm in height) produced by selective laser melting (SLM) were used in this work. Prior to SLM processing, spherical titanium powder (99.7% purity, average particle size (d) = 48.69 µm) was mixed with the prepared irregular-sharped TiB 2 particles (98.9% purity, average particle size (d) = 3.5 -6 µm) to form Ti-5wt.% TiB 2 mixture. The ball milling method was utilised to grind the Ti-TiB 2 mixture using a Retsch planetary ball Page 6 of 27 A c c e p t e d M a n u s c r i p t 6 mill under a high-purity argon atmosphere. In order to make the TiB 2 particles uniformly dispersed around the titanium matrix and thus desirable for SLM, it is necessary to ensure a milling time of 2 hours, until the Ti-TiB 2 mixture almost keep in an utmost spherical morphology [19, 35] . In the SLM process, these samples were manufactured by a MTT SLM 250 HL machine containing a 400 W Yb: YAG fiber laser with an 80 µm spot size. The samples were produced under a laser power of 180 W, a laser scanning speed of 150 mm/s, a 100 µm hatching distance and a 100 µm layer thickness. The direction of scanning was rotated through 90 degrees between each layer [19, 36] .
Prior to the tests, all the cylindrical samples were connected with copper wire by solder and sealed with epoxy resin. Then, the surface of all samples were mechanically ground up to 3000 grit by SiC abrasive paper, and polished with suspension containing diamond powder [37] . Additionally, all samples were ultrasonically degreased with acetone for 5 minutes, rinsed in double-distilled water for 3 minutes, and dried in a desiccator for 12 hours in sequence. These as-treated samples were prepared for the electrochemical measurement and surface characterizations. A c c e p t e d M a n u s c r i p t 7 solution and blood plasma, which suggests that the components and content of Hank's solution were similar to the body blood plasma. In order to observe the metallurgical microstructure characteristics of the samples, a Kroll's solution composed of 5% HF, 10% HNO 3 and 85% double-distilled water (volume fractions) was used as etching solution, prepared using laboratory analytical grade chemicals and double-distilled water [18, 38] .
Electrochemical measurements
Electrochemical measurements were carried out at body temperature using a Because of the existence of corrosion effect after long-term implantations, the corrosion products or titanium ions could transport into the body fluid, which may produce inside pollutants, thereby causing chronic inflammation and even incurring serious bacterial infection around the implants [6, 14] . Therefore, it is necessary to study the corrosion behaviour of CP-Ti and Ti-TiB biomaterials in the human body.
Furthermore, ultraviolet-visible (UV-VIS) absorption spectra of Hank's solution were obtained after different immersion time (i.e. 1, 2, 3, 4, 5, 6, and 7 weeks) of two types of samples at body temperature, by using UV-VIS spectrophotometry (UV-2550, A c c e p t e d M a n u s c r i p t acted as reference, and double-distilled water was used as blank. The spectra were measured ranging from 200 nm to 400 nm [7] . Fig. 1 illustrates the typical potentiodynamic polarisation curves of the SLM-produced CP-Ti and Ti-TiB samples in aerated Hank's solution at body temperature. Two types of samples both exhibit good repeatability. Table 3 shows some parameters acquired from the polarisation curves, such as passive region range (∆E), passivation current density (j p ) and breakdown potential (E b ). It is observed that a typical passive region is present in the curves for both CP-Ti and Ti-TiB samples. [ ]
Results
Electrochemical measurements
Nevertheless, SLM-produced Ti-TiB samples do not show such a similar behaviour in the anode polarisation, but directly enter into the passive region, which verifies the easy passivation mentioned above. Fig. 2 shows the SEM images of two types of samples after potentiodynamic polarization experiments. For SLM-produced CP-Ti samples ( Fig. 2(a) ), many pits A c c e p t e d M a n u s c r i p t 11 and massive corrosion products can be observed across the surface, and the size of these pits ranges from nano-scale to micron-scale. In contrast, as seen in Fig. 2 (Fig. 3a) , it is clearly observed that only a big single capacitive arc is visible for both samples. However, the Bode plots ( Fig. 3(c) )
show a plateau from intermediate frequencies to low frequencies. Therefore, in Fig. 
3(d)
, an equivalent circuit comprised of two time constants was used to simulate the corrosion behaviour, in order to better fit the EIS date of CP-Ti and Ti-TiB samples.
In this equivalent circuit, R s corresponds to the solution resistance; R f describes the resistance of the passive film formed on the metal surface; R ct reflects the charge transfer resistance; and CPE 1 and CPE 2 are constant phase elements, representing the deviation from ideal capacitive behavior of the passive film and double-layer, respectively, which can be ascribed to roughness or defects of the electrode surface [42, 43] . Only hexagonal close packed (hcp) α-Ti is present in the CP-Ti sample, i.e., (100) α-Ti ,
Structure and surface characterisation
the main diffraction peaks of the SLM-produced Ti-TiB sample can also be indexed as the aforementioned hcp α-Ti. In addition, some minor diffraction peaks in the pattern correspond to α phase with TiB, i.e., (102) α-TiB , (210) α-TiB , (020) α-TiB . Combined with the results from the previous reports [15, 36] , it is reasonable to suggest that the formation of TiB results from the reaction between the titanium matrix and TiB 2 particles during the SLM processing, which explains the presence of TiB and the lack of diffraction peaks for TiB 2 in the XRD patterns (Fig. 4 ). suppress the further growth of α-Ti grains. Based on previous reports [19, 44] , the grain refinement of α-Ti grains in SLM-produced Ti-TiB composite could be attributed to the boron element addition.
As seen from exist same corrosion products for both samples. Fig. 8(b) shows the entire process of these corrosion products from a ball-like product to gathered chunks. Some previous studies have interpreted that these titanium corrosion products could give Cl -the access to damage the TiO 2 passive film and even induce pitting to occur on the A c c e p t e d M a n u s c r i p t 15 titanium substrate [45, 46] . In Figs. 8(a) and (c), more corrosion products for SLM-produced CP-Ti samples in comparison to Ti-TiB samples indicate that SLM-produced CP-Ti is more susceptible to be corroded than SLM-produced Ti-TiB composite.
Discussion
The passivation mechanism about titanium and titanium matrix composites has been discussed in recent years. There is a consensus that its passive behaviour embodies the dissolution-precipitation mechanism [47, 48] . That is, dissolution of titanium matrix takes place almost simultaneously as the establishment of the TiO 2 film in the passivation process. Previous studies suggest that the presence of substantial Cl -results in the corrosion of titanium to form [TiCl 6 ] 2-complex and that these chlorocomplex benefits for the passive behaviour of titanium matrix materials [49] . In particular, the passive film would form only if the concentration of [TiCl 6 ] 2-complex reaches a critical value. Herein, the addition of TiB 2 reinforcement into the titanium matrix facilitates dissolution in the early corrosion stage, which provides favourable conditions for forming passive film. As seen from the schematic illustration of corrosion process for SLM-produced Ti-TiB composite samples (Fig. 9) , a small amount of TiB products and unreacted TiB 2 particles are distributed around the titanium matrix. The dispersion of these electrical conductors (TiB X particles) in the titanium matrix result in the formation of numerous galvanic couples; these particles act as micro-cathode and titanium matrix act as anode [50, 51] . More M a n u s c r i p t 16 specifically, the establishment of these galvanic couples further accelerates the dissolution of titanium in the early stages, which makes the concentration of [TiCl 6 ] 2-complex reach a critical value, thereby rapidly forming a stable passive film to prevent the titanium matrix from being eroded. Furthermore, this conclusion is strongly confirmed by the greater value of R f for the SLM-produced Ti-TiB composite samples ( Fig. 3 and Table 4 ). Then the comparison of passive behaviour for two types of samples (Fig. 1) , namely smaller passivation current density (j p ), wider passive region range (∆E) and higher breakdown potential (E b ) for Ti-TiB samples,
demonstrates that SLM-produced Ti-TiB composite samples have better passivation capability than SLM-produced CP-Ti samples. It has been reported that titanium and titanium matrix materials having better passivation capability commonly show superior corrosion resistance in corrosive systems [39] . In addition, ultraviolet absorption spectra (Fig. 7) have demonstrated that the dissolution of titanium matrix for CP-Ti sample is more violent than that of Ti-TiB sample over a long immersion time, which implies that SLM-produced Ti-TiB composite sample is more resistant to corrosion in Hank's solution.
Moreover, some studies have shown that grain refinement could have an important impact on the corrosion resistance of titanium and titanium matrix composites [52, 53] ; and that ultrafine particles of metallic materials could greatly decrease fluctuation of the passive film and strengthen its stability [54, 55] . In this study, metallographic micrographs (Fig. 5) show that the addition of TiB 2 particles refine the coarse α-Ti grains in SLM-produced Ti-TiB composite. Thus, the protection A c c e p t e d M a n u s c r i p t
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property and stability of the passive film on the surface of SLM-produced Ti-TiB composite samples are better than those of SLM-produced CP-Ti samples.
Conclusions
Both electrochemical performance and ultraviolet absorption spectrum analyses suggest that SLM-produced Ti-TiB composite samples have better corrosion In this process, these TiB x act as anode and form galvanic couples with their surrounding titanium.
The formation of the galvanic couples prominently facilitates anodic dissolution of titanium matrix in the corrosion process and followed by rapid passivation on the surface.
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